





















































































































































































































































































































































1	This chapter has been published in Schwarz, E.N., Ruhlman, T., Sabir, JSM., Hajrah, NH., Alharbi, NS., 
Al-Malki, AL., Bailey, CD and Jansen, R.K. 2015. Plastid genomes reveal parallel inversions and multiple 




































































































































































































































































































































































Species Subfamily USDA ID No.  Accession # Voucher ID 
Caesalpinia coriaria Caesalpinioideae - KJ468095 L004 
Ceratonia siliqua Caesalpinioideae 00-0031 KJ468096 L005 
Cercis canadensis Caesalpinioideae 91-0010 KF856619 L006 
Haematoxylum brasiletto Caesalpinioideae 89-0061D KJ468097 L009 
Tamarindus indica Caesalpinioideae 90-0361 KJ468103 L017 
Prosopis gladulosa Mimosoideae 90-0502 KJ468101 L015 
Apios americana Papilionoideae - KF856618 L002 
Arachis hypogaea Papilionoideae PI 536065 KJ468094 L003 
Indigofera tinctoria Papilionoideae PI 300006 KJ468098 L010 
Lupinus albus Papilionoideae W6 39803 KJ468099 L012 
Pachyrhizus erosus Papilionoideae - KJ468100 L014 
Robinia pseudoacacia Papilionoideae PI 502585 KJ468102 L016 































C	 Cercis	canadensis	 158,995	 88,118	 19,621	 25,628	 111	 77	 30	 4	 18	 36.2	 57.4	
C	 Tamarindus	indica	 159,551	 87,967	 22,800	 24,392	 111	 77	 30	 4	 18	 36.2	 56.9	
C	 Ceratonia	siliqua	 156,367	 85,801	 18,504	 26,031	 111	 77	 30	 4	 18	 36.7	 57.6	
C	
Haematoxylum	
brasiletto	 157,728	 87,465	 18,193	 26,035	 111	 77	 30	 4	 18	 36.7	 57.3	
C	 Caesalpinia	coriaria	 158,045	 87,589	 18,160	 26,148	 111	 77	 30	 4	 18	 36.5	 57.5	
M	 Prosopis	glandulosa	 163,042	 92,324	 18,904	 25,907	 111	 77	 30	 4	 18	 35.9	 55.7	
M	 Acacia	ligulata	 158,724	 88,577	 18,299	 25,924	 111	 77	 30	 4	 18	 36.2	 50.6	
M	 Leucaena	trichandra	 164,692	 93,690	 18,890	 26,056	 111	 77	 30	 4	 18	 35.6	 47.6	
P	 Arachis	hypogaea	 156,395	 85,951	 19,868	 25,288	 110	 76	 30	 4	 17	 36.4	 55.9	
P	 Lupinus	albus	 154,140	 82,266	 20,070	 25,902	 111	 77	 30	 4	 18	 36.5	 59.8	
P	 Indigofera	tinctoria	 158,367	 88,852	 18,799	 25,358	 111	 77	 30	 4	 18	 35.8	 57.0	
P	 Millettia	pinnata	 152,968	 83,401	 19,051	 25,258	 111	 77	 30	 4	 18	 34.8	 56.7	
P	 Apios	americana	 152,828	 83,092	 18,272	 25,732	 110	 76	 30	 4	 17	 35.6	 56.6	
P	 Pachyrhizus	erosus	 151,947	 83,605	 18,912	 24,715	 111	 77	 30	 4	 18	 35.3	 59.3	
P	 Glycine	max	 152,218	 83,175	 17,895	 25,574	 111	 77	 30	 4	 18	 35.4	 60.0	
P	 Vigna	unguiculata	 151,866	 81,587	 17,427	 26,426	 109	 75	 30	 4	 17	 35.2	 59.2	
	 24	
Table	2.2	(continued)	
P	 Phaseolus	vulgaris	 150,284	 79,825	 17,609	 26,425	 109	 75	 30	 4	 17	 35.4	 57.5	
P	
Robinia	
pseudoacacia	 154,835	 86,172	 19,005	 24,829	 110	 76	 30	 4	 17	 35.9	 56.3	
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Species	 Accession	No.	 Subfamily	 Habit	
Castanea	mollissima	 NC_014674	 Outgroup	 NA*	
Cucumis	sativus	 NC_007144.1	 Outgroup	 NA*	
Fragaria	vesca	 NC_015206	 Outgroup	 NA*	
Morus	indica	 NC_008359.1	 Outgroup	 NA*	
Caesalpinia	coriaria	 KJ468095	 Caesalpinioideae	 Woody	
Ceratonia	siliqua	 KJ468096	 Caesalpinioideae	 Woody	




Tamarindus	indica	 KJ468103	 Caesalpinioideae	 Woody	
Acacia	ligulata	 NC_026134.1	 Mimosoideae	 Woody	
Inga	leiocalycina	 NC_028732	 Mimosoideae	 Woody	
Leucaena	trichandra	 KT428297	 Mimosoideae	 Woody	
Prosopis	gladulosa	 KJ468101	 Mimosoideae	 Woody	
Apios	americana	 KF856618	 Papilionoideae	 Herbaceous	
Arachis	hypogaea	 KJ468094	 Papilionoideae	 Herbaceous	
Glycine	max	 NC_007942	 Papilionoideae	 Herbaceous	
Indigofera	tinctoria	 KJ468098	 Papilionoideae	 Woody	
Lotus	japonicus	 NC_002694	 Papilionoideae	 Herbaceous	
Lupinus	albus	 KJ468099	 Papilionoideae	 Herbaceous	
Millettia	pinnata	 NC_016708	 Papilionoideae	 Woody	
Pachyrhizus	erosus	 KJ468100	 Papilionoideae	 Herbaceous	
Phaseolus	vulgaris	 NC_009259.1	 Papilionoideae	 Herbaceous	
Robinia	pseudoacacia	 KJ468102	 Papilionoideae	 Woody	
Vigna	unguiculata	 KJ468104	 Papilionoideae	 Herbaceous	
Astragalus	nakaianus	 NC_028171	 Papilionoideae_IRLC	 Woody	
Cicer	arietum	 NC_011163.1	 Papilionoideae_IRLC	 Herbaceous	
Glycyrrhiza	glabra	 KF201590	 Papilionoideae_IRLC	 Herbaceous	
Lathyrus	sativus	 NC_014063	 Papilionoideae_IRLC	 Herbaceous	
Lens	culinaris	 KF186232	 Papilionoideae_IRLC	 Herbaceous	
Medicago	truncatula	 NC_003119.6	 Papilionoideae_IRLC	 Herbaceous	
Pisum	sativum	 NC_014057	 Papilionoideae_IRLC	 Herbaceous	
Trifolium	aureum	 KC894708	 Papilionoideae_IRLC	 Herbaceous	






Trifolium	grandiflorum	 KC894707	 Papilionoideae_IRLC	 Herbaceous	
Trifolium	lupinaster	 KJ788287	 Papilionoideae_IRLC	 Herbaceous	
Trifolium	meduseum	 KJ476730	 Papilionoideae_IRLC	 Herbaceous	
Trifolium	pratense	 Table	XX	 Papilionoideae_IRLC	 Herbaceous	
Trifolium	repens	 KC894706	 Papilionoideae_IRLC	 Herbaceous	




Vicia	faba	 KF042344	 Papilionoideae_IRLC	 Herbaceous	





















































































Gene	 P_values	 Holm	 		 Gene	 P_values	 Holm	
atpA	 1.04E-06	 7.07E-05	 		 atpA	 8.47E-05	 4.14E-03	
atpB	 2.51E-06	 1.50E-04	 		 atpB	 9.07E-05	 4.26E-03	
atpE	 7.52E-06	 4.06E-04	 		 atpE	 1.29E-04	 4.60E-03	
atpF	 1.55E-04	 5.89E-03	 		 atpF	 2.71E-05	 1.52E-03	
atpH	 1.82E-05	 9.12E-04	 		 atpH	 2.53E-06	 1.75E-04	
atpI	 7.68E-05	 3.38E-03	 		 atpI	 1.76E-05	 1.04E-03	
ccsA	 4.60E-04	 1.06E-02	 		 ccsA	 1.33E-04	 4.60E-03	
cemA	 3.39E-04	 8.64E-03	 		 cemA	 1.06E-04	 4.60E-03	
clpP	 9.48E-05	 4.08E-03	 		 clpP	 4.92E-06	 3.30E-04	
matK	 1.33E-04	 5.33E-03	 		 matK	 1.19E-04	 4.60E-03	
ndhA	 2.43E-04	 6.79E-03	 		 ndhA	 5.06E-05	 2.63E-03	
ndhB	 1.90E-06	 1.24E-04	 		 ndhB	 1.83E-06	 1.28E-04	
ndhC	 5.14E-04	 1.06E-02	 		 ndhC	 7.92E-04	 1.21E-02	
ndhD	 1.84E-04	 6.07E-03	 		 ndhD	 1.15E-04	 4.60E-03	
ndhE	 1.97E-04	 6.07E-03	 		 ndhE	 8.45E-06	 5.49E-04	
ndhF	 9.03E-04	 1.44E-02	 		 ndhF	 8.13E-05	 4.06E-03	
ndhG	 2.48E-03	 2.48E-02	 		 ndhG	 1.27E-04	 4.60E-03	
ndhH	 6.77E-04	 1.22E-02	 		 ndhH	 3.91E-05	 2.07E-03	
ndhI	 2.10E-03	 2.31E-02	 		 ndhI	 5.19E-03	 4.15E-02	
ndhJ	 1.76E-04	 6.07E-03	 		 ndhJ	 1.38E-04	 4.60E-03	
ndhK	 1.91E-04	 6.07E-03	 		 ndhK	 1.10E-04	 4.60E-03	
petA	 2.63E-03	 2.48E-02	 		 petA	 2.97E-05	 1.60E-03	
petB	 1.16E-05	 6.02E-04	 		 petB	 1.16E-04	 4.60E-03	
petD	 4.94E-04	 1.06E-02	 		 petD	 1.43E-04	 4.60E-03	
petG	 5.21E-03	 3.03E-02	 		 petG	 6.06E-04	 1.15E-02	
petL	 5.55E-03	 3.03E-02	 		 petL	 9.25E-04	 1.21E-02	
petN	 1.78E-04	 6.07E-03	 		 petN	 2.04E-05	 1.18E-03	
psaA	 8.99E-04	 1.44E-02	 		 psaA	 1.05E-04	 4.60E-03	
psaB	 7.30E-04	 1.24E-02	 		 psaB	 3.48E-04	 7.31E-03	
psaC	 2.56E-05	 1.20E-03	 		 psaC	 5.73E-04	 1.15E-02	
psaJ	 1.92E-06	 1.24E-04	 		 psaJ	 3.85E-03	 3.47E-02	
psbA	 1.43E-03	 1.71E-02	 		 psbA	 1.02E-03	 1.22E-02	
psbB	 1.85E-05	 9.12E-04	 		 psbB	 9.99E-05	 4.60E-03	
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Table	3.5	(continued)	
psbC	 1.62E-05	 8.28E-04	 		 psbC	 1.09E-05	 6.76E-04	
psbD	 1.74E-04	 6.07E-03	 		 psbD	 1.33E-04	 4.60E-03	
psbE	 4.85E-05	 2.18E-03	 		 psbE	±	 1.64E-02	 6.54E-02	
psbF	 3.73E-04	 8.95E-03	 		 psbF	 1.11E-03	 1.22E-02	
psbH	 3.66E-06	 2.16E-04	 		 psbH	 2.21E-04	 5.09E-03	
psbI	 2.13E-06	 1.34E-04	 		 psbI	±	 4.96E-02	 1.11E-01	
psbJ	±	 3.94E-01	 1.00E+00	 		 psbJ	±	 1.12E-02	 5.59E-02	
psbK	 2.49E-03	 2.48E-02	 		 psbK	 3.70E-02	 1.11E-01	
psbL	 3.93E-03	 2.75E-02	 		 psbL	 9.22E-06	 5.81E-04	
psbM	±	 4.16E-01	 1.00E+00	 		 psbM	 2.31E-04	 5.09E-03	
psbN	 3.23E-04	 8.64E-03	 		 psbN	 6.47E-02	 1.11E-01	
psbT	 1.11E-04	 4.56E-03	 		 psbT	 8.21E-03	 4.93E-02	
psbZ	±	 4.43E-01	 1.00E+00	 		 psbZ	 2.22E-05	 1.27E-03	
rbcL	 2.04E-04	 6.07E-03	 		 rbcL	 6.21E-06	 4.10E-04	
rpl14	 2.42E-06	 1.48E-04	 		 rpl14	 1.54E-05	 9.40E-04	
rpl16	 7.52E-07	 5.34E-05	 		 rpl16	 1.33E-04	 4.60E-03	
rpl20	 3.90E-06	 2.26E-04	 		 rpl20	 2.83E-05	 1.56E-03	
rpl2	 8.64E-06	 4.58E-04	 		 rpl2	 4.41E-06	 3.00E-04	
rpl32	 2.00E-05	 9.61E-04	 		 rpl32	 7.59E-04	 1.21E-02	
rpl36	 3.52E-05	 1.62E-03	 		 rpl36	 1.43E-04	 4.60E-03	
rpoA	 3.20E-04	 8.64E-03	 		 rpoA	 6.40E-05	 3.26E-03	
rpoB	 1.62E-04	 5.89E-03	 		 rpoB	 1.63E-04	 4.60E-03	
rpoC1	 9.67E-05	 4.08E-03	 		 rpoC1	 1.18E-04	 4.60E-03	
rpoC2	 1.34E-04	 5.33E-03	 		 rpoC2	 1.37E-04	 4.60E-03	
rps11	 5.53E-06	 3.15E-04	 		 rps11	 1.45E-04	 4.60E-03	
rps12	 1.56E-04	 5.89E-03	 		 rps12	 8.44E-05	 4.14E-03	
rps14	 2.33E-06	 1.45E-04	 		 rps14	 1.04E-04	 4.60E-03	
rps15	 1.03E-03	 1.44E-02	 		 rps15	 8.53E-04	 1.21E-02	
rps18	 1.10E-06	 7.38E-05	 		 rps18	 6.41E-04	 1.15E-02	
rps19	 6.21E-06	 3.48E-04	 		 rps19	 2.78E-03	 2.78E-02	
rps2	 4.72E-04	 1.06E-02	 		 rps2	 1.44E-04	 4.60E-03	
rps3	 6.45E-06	 3.55E-04	 		 rps3	 5.53E-03	 4.15E-02	
rps4	 5.05E-03	 3.03E-02	 		 rps4	 1.20E-04	 4.60E-03	
rps7	 1.72E-06	 1.14E-04	 		 rps7	 8.45E-06	 5.49E-04	
rps8	 1.10E-03	 1.44E-02	 		 rps8	 7.04E-04	 1.20E-02	
ycf1	 8.29E-07	 5.80E-05	 		 ycf1	 1.01E-04	 4.60E-03	
ycf2	 9.40E-07	 6.49E-05	 		 ycf2	 6.18E-07	 4.39E-05	












psbA	 0.0641	 0.6302	 0.0069	 0.1719	
matK	 0.0066	 0.2855	 0.0397	 0.4371	
psbK	 0.0075	 0.2855	 0.0983	 0.7305	
psbI	 0.0080	 0.2887	 0.0913	 0.7305	
atpA	 0.0022	 0.1435	 0.0047	 0.1517	
atpF	 0.0033	 0.1857	 0.0029	 0.1517	
atpH	 0.0040	 0.2081	 0.0030	 0.1517	
atpI	 0.0041	 0.2098	 0.0049	 0.1517	
rps2	 0.0165	 0.3965	 0.0034	 0.1517	
rpoC2	 0.0039	 0.2081	 0.0029	 0.1517	
rpoC1	 0.0029	 0.1744	 0.0039	 0.1517	
rpoB	 0.0048	 0.2251	 0.0039	 0.1517	
petN	 0.0123	 0.3393	 0.0025	 0.1440	
psbM	 0.8414	 1.0000	 0.0610	 0.6098	
psbD	 0.0337	 0.4918	 0.0022	 0.1396	
psbC	 0.0201	 0.4274	 0.0023	 0.1396	
psbZ	 0.3545	 1.0000	 0.0034	 0.1517	
rps14	 0.0098	 0.3037	 0.0036	 0.1517	
psaB	 0.0304	 0.4918	 0.0023	 0.1396	
psaA	 0.0177	 0.4065	 0.0048	 0.1517	
ycf3	 0.0117	 0.3393	 0.0015	 0.1027	
rps4	 0.0573	 0.6302	 0.0019	 0.1242	
ndhJ	 0.0069	 0.2855	 0.0027	 0.1509	
ndhK	 0.0080	 0.2887	 0.0028	 0.1517	
ndhC	 0.0726	 0.6302	 0.0107	 0.2241	
atpE	 0.0029	 0.1744	 0.0033	 0.1517	
atpB	 0.0068	 0.2855	 0.0022	 0.1396	
rbcL	 0.0637	 0.6302	 0.0012	 0.0871	
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Table	3.6	(continued)	
cemA	 0.0061	 0.2790	 0.0036	 0.1517	
petA	 0.0589	 0.6302	 0.0026	 0.1483	
psbJ	 0.7217	 1.0000	 0.1103	 0.7305	
psbL	 0.0282	 0.4918	 0.0021	 0.1372	
psbF	 0.0095	 0.3037	 0.0288	 0.3747	
psbE	 0.0023	 0.1489	 0.9575	 1.0000	
petL	 0.0068	 0.2855	 0.0233	 0.3491	
petG	 0.0369	 0.4918	 0.0036	 0.1517	
psaJ	 0.0043	 0.2101	 0.4638	 1.0000	
rps18	 0.0081	 0.2887	 0.0210	 0.3364	
rpl20	 0.0018	 0.1267	 0.0028	 0.1517	
clpP	 0.0688	 0.6302	 0.0169	 0.3038	
psbB	 0.0020	 0.1360	 0.0035	 0.1517	
psbT	 0.0197	 0.4274	 0.0310	 0.3747	
psbN	 0.2131	 0.8523	 0.2235	 1.0000	
psbH	 0.0096	 0.3037	 0.0182	 0.3087	
petB	 0.0087	 0.2887	 0.0046	 0.1517	
petD	 0.0194	 0.4274	 0.0032	 0.1517	
rpoA	 0.0041	 0.2098	 0.0138	 0.2620	
rps11	 0.0044	 0.2101	 0.0033	 0.1517	
rpl36	 0.0030	 0.1744	 0.0036	 0.1517	
rps8	 0.0119	 0.3393	 0.0114	 0.2287	
rpl14	 0.0028	 0.1714	 0.0084	 0.1858	
rpl16	 0.0014	 0.1005	 0.0039	 0.1517	
rps3	 0.0144	 0.3611	 0.2879	 1.0000	
rps19	 0.0030	 0.1744	 0.0233	 0.3491	
rpl2	 0.0039	 0.2081	 0.0017	 0.1163	
ycf2	 0.0029	 0.1744	 0.0016	 0.1073	
ndhB	 0.0020	 0.1360	 0.0076	 0.1830	
rps7	 0.0070	 0.2855	 0.0016	 0.1070	
rps12	 0.0024	 0.1546	 0.0044	 0.1517	
ycf1	 0.0021	 0.1407	 0.0031	 0.1517	
rps15	 0.0273	 0.4918	 0.0728	 0.6550	
ndhH	 0.0134	 0.3492	 0.0021	 0.1372	
ndhA	 0.0067	 0.2855	 0.0035	 0.1517	
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Table	3.6	(continued)	
ndhI	 0.0477	 0.5726	 0.3442	 1.0000	
ndhG	 0.0292	 0.4918	 0.0028	 0.1517	
ndhE	 0.0061	 0.2790	 0.0022	 0.1396	
psaC	 0.0061	 0.2790	 0.0052	 0.1517	
ndhD	 0.0033	 0.1857	 0.0057	 0.1517	
ccsA	 0.0223	 0.4274	 0.0030	 0.1517	
rpl32	 0.0027	 0.1697	 0.0081	 0.1854	











































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Illumina	 reads	 from	 genomic	 DNA	 previously	 generated	 for	 19	 species	 of	




mitochondrial	 protein-coding	 genes	 comprising	 closely	 related	 legume	 sequences	
(Table	 4.1)	 was	 employed	 to	 identify	 mitochondrial	 genes	 in	 contigs	 from	 each	
assembly.		Illumina	reads	were	mapped	to	reference	genes	for	each	gene	that	could	
not	be	 found	 in	assembled	contigs	using	Bowtie2	(Langmead	and	Salzberg,	2012).		
An	 additional	 eight	 mitochondrial	 genomes	 (seven	 legumes	 and	 one	 outgroup,	
	 96	
Populus	 tremula)	 publicly	 available	 on	 GenBank	
(http://www.ncbi.nlm.nih.gov/genbank/)	were	also	utilized	(Table	4.1).		
Plastid	genes	common	to	the	same	27	species	were	extracted	from	plastomes	






























for	Plants	 (PREP)	Suite	 (Mower,	2005,	2009).	 	 Individual	 sequences	 for	each	gene	
were	submitted	and	only	those	predicted	edit	sites	that	had	a	confidence	interval	of	
≥	 0.50	 were	 counted.	 	 An	 average	 number	 of	 editing	 sites	 for	 each	 gene	 was	
calculated	 across	 all	 species.	 	 Correlation	 testing	 between	 dS	 and	 dN	 values	 and	
number	of	RNA	editing	sites	was	performed	in	R	(v3.2.2)	using	the	rcorr	function	in	
the	 Hmisc	 package	 using	 the	 Pearson	 method.	 	 Boxplots	 and	 scatterplots	 were	





































































































































Four	 protein	 coding	 genes	 (i.e.,	 cox2,	 rps1,	 rps3	 and	 rps14)	 are	 putatively	
missing	 from	 the	 mitogenomes	 of	 the	 legumes	 examined	 (Table	 4.3).	 	 Because	





have	 shown	 that	 these	 four	 genes	 have	 been	 lost	 in	 one	 or	 multiple	 lineages	 of	
angiosperms,	including	legumes,	either	by	complete	loss,	substitution	or	functional	
transfer	 to	 the	 nucleus	 (Brandvain	 and	 Wade,	 2009).	 	 The	 loss	 of	 cox2	 from	
angiosperm	 mitochondrial	 genomes	 is	 restricted	 to	 Vigna	 within	 legumes,	 which	
was	 originally	 suggested	 by	 southern	 hybridization	 studies	 (Nugent	 and	 Palmer,	
1991;	 Adams	 et	 al.,	 2002)	 and	 later	 verified	 with	 sequencing	 of	 the	 V.	 radiata	
(Alverson	et	al.,	2011)	and	V.	angularis	(Naito	et	al.,	2013)	mitogenomes.		Our	data	
show	that	the	loss	of	cox2	also	occurs	in	V.	unguiculata.	 	The	functional	transfer	of	
cox2	 to	 the	nucleus	occurred	between	60	and	200	million	years	 ago,	however	 the	
mitochondrial	copy	still	remains	in	most	lineages	with	the	only	loss	in	angiosperms	
being	reported	 in	 the	Vigna	 lineage	(Nugent	and	Palmer	1991).	 	Covello	and	Gray,	
(1992)	 characterized	 a	 functional	 nuclear	 cox2	 gene	 in	 Glycine,	 a	 closely	 related	
legume,	 showing	 an	 intermediate	 stage	 in	 the	 functional	 transfer	 in	 which	 the	
nuclear	copy	is	expressed	but	the	mitochondrial	copy	is	not	expressed.		Adams	et	al.	
(1999)	 were	 able	 to	 show	 that	 in	 some	 angiosperms	 both	 the	 nuclear	 and	
mitochondrial	 copies	of	cox2	 are	 functional	while	 in	other	 species	only	one	of	 the	
copies	is	functional.	
	 105	
The	 remaining	 three	 mitochondrial	 genes	 (i.e.,	 rps1,	 rps3,	 rps14)	 lost	 in	
legumes	are	ribosomal	protein	coding	genes,	which	are	known	to	be	lost	frequently	
across	angiosperms	 (Adams	and	Palmer,	2003).	 	Adams	et	al.	 (1999)	 surveyed	40	
mitochondrial	 genes	 across	 280	 genera	 of	 flowering	 plants	 and	 found	 losses	 of	
ribosomal	 protein	 genes	 are	 much	 more	 common	 than	 genes	 belonging	 to	 other	
functional	 groups.	 	 They	 found	 33,	 7	 and	 27	 losses	 of	 rps1,	 rps3	 and	 rps14,	
respectively,	 across	 angiosperms	 and	 the	 losses	 of	 other	 ribosomal	 genes	 show	 a	
similar	frequency	of	loss.		rps1	is	missing	in	four	legume	taxa	examined	in	this	study,	
Lotus	 japonicus,	Trifolium	 aureum,	T.	 grandiflorum	 and	T.	meduseum.	 	 The	 loss	 of	
rps1	 in	 L.	 japonicus	 was	 reported	 previously	 by	 Kazakoff	 et	 al.	 (2012)	 based	 on	
complete	mitogenome	 sequencing,	 and	 it	 has	 been	 functionally	 transferred	 to	 the	
nucleus.	 	 Frequent	 loss	of	 ribosomal	protein	genes	 is	not	 limited	 to	mitochondria.		
Plastid	 genomes	 also	 exhibit	 many	 ribosomal	 protein	 gene	 losses	 across	




have	 been	 lost	 from	 the	 plastid	 genome	 once	 (rpl22,	 rpl33)	 or	 multiple	 (rps16)	
times.	
Rate	variation	in	legume	mitochondrial	genes	
Values	 of	 dN	 are	 elevated	 in	 atp1,	 atp4,	 atp6	 and	 atp8,	 nad3	 and	 rps4	
compared	with	other	genes	(Figure	4.2).		Also,	dS	values	are	elevated	in	rps12,	atp1,	





legumes,	many	of	 the	same	genes	 that	 show	rate	heterogeneity	 in	both	dN	 and	dS	
among	 legumes	 (i.e.,	 rps12	 and	 atp4,	 atp6,	 atp8	 and	 atp9)	 are	 the	 same	 ones	
detected	 in	other	 angiosperm	 lineages	 (Adams	and	Palmer,	2003).	 	Rate	variation	
between	 genes	 can	 be	 explained	 by	 three	 different	 mechanisms:	 1)	 localized	
hypermutation,	 2)	 RNA	 editing	 or	 3)	 mutagenic	 retroprocessing.	 	 In	 the	 plastid	
genome,	Magee	et	al.	 (2010)	 identified	a	region	surrounding	ycf4	 that	 is	a	hotspot	
for	 point	mutations	 hypothesized	 to	 be	 the	 result	 of	 repeated	 DNA	 breakage	 and	
repair.		A	mutational	hotspot	requires	genes	to	be	in	close	proximity	in	the	genome,	
and	while	a	few	of	the	mitochondrial	genes	with	accelerated	rates	in	legumes	(e.g.,	
nad3	 and	rps12)	 are	near	each	other	 in	Vicia	 faba,	V.	radiata	 and	Milletia	pinnata,	
most	 accelerated	 genes	 in	 legumes	 are	 not	 close	 to	 each	 other.	 	 RNA	 editing	 is	 a	
common	cause	of	divergence	in	mitochondrial	rates	(Lu	et	al.,	1998).	 	Values	of	dN	
may	be	overestimated	due	to	RNA	editing	but	dS	values	are	rarely	affected	(Mower	




(Sloan	 et	 al.,	 2010)	 and	 in	 a	 family	 of	 monocots	 (Cuenca	 et	 al.,	 2010).	 	 Lastly,	 a	
process	 referred	 to	 as	 mutagenic	 retroprocessing	 by	 Parkinson	 et	 al.	 (2005)	
explains	rate	heterogeneity	among	mitochondrial	genes.	 	This	mechanism	involves	
exceptionally	high	 levels	of	reverse	transcription	 in	combination	with	homologous	





highly	 transcribed	are	also	 retroprocessed	more	 frequently.	 	 It	 is	noteworthy	 that	
Islam	et	al.	(2013)	analyzed	mitochondrial	gene	expression	in	flower	tissues	of	rye	
grass	 and	 found	 high	 normalized	 expression	 levels	 of	 rps3,	 rps12,	 rpl16	 and	 the	
highest	 levels	 in	ATP	synthase	genes	with	2.5	 times	higher	expression	of	atp9.	 	 In	
view	of	information,	mutagenic	retroprocessing	is	the	most	likely	candidate	for	the	
rate	 variation	 in	 mitochondrial	 genes	 of	 legumes.	 	 However,	 studies	 focusing	 on	
transcription	 levels	of	mitochondrial	 genes	 are	needed	 to	 explore	 this	mechanism	
more	thoroughly.			






caesalpinioid	 and	 mimosoid	 taxa	 combined	 (Figure	 4.5).	 	 There	 are	 two	 major	
differences	 between	 caesalpinioids/mimosoids	 and	 papilionoids,	 numbers	 of	
species	and	growth	habit.		Papilionoids	are	largely	herbaceous	and	are	much	larger	
in	 terms	 of	 numbers	 of	 species	 whereas	 both	 caesalpinioids	 and	 mimosoids	 are	
woody	with	many	fewer	species	(Wojciechowski	et	al.,	2004;	Bruneau	et	al.,	2008;	
LPWG,	2013).		Multiple	studies	have	shown	correlations	between	substitution	rates	




and	 substitution	 rates	 in	all	 three	plant	genomes	over	a	 range	of	 flowering	plants	
and	 found	 a	 consistent	 negative	 correlation	 between	 plant	 height	 and	 dS	 in	 both	
plastid	 and	 mitochondrial	 genes.	 	 However,	 there	 was	 no	 link	 between	 species	
diversification	and	dS	of	mitochondrial	genes,	although	there	was	such	a	correlation	
for	 for	 plastid	 rates.	 	 We	 did	 not	 test	 for	 a	 correlation	 between	 species	
diversification	and	nucleotide	substitutions	rates	of	mitochondrial	genes	but	in	view	
of	 the	 limited	sampling	of	 legumes	such	a	comparison	would	be	more	appropriate	
once	 more	 extensive	 taxon	 sampling	 is	 available.	 	 We	 did	 find	 that	 rates	 are	
significantly	 higher	 in	 herbaceous	 versus	 woody	 taxa,	 which	 supports	 the	
generation	 time	hypothesis.	 	 This	 pattern	was	 also	 observed	between	 for	 rates	 of	
sequence	evolution	in	legume	plastomes	(Chapter	3).		
Rates	in	mitochondrial	genes	versus	plastid	genes	
Plastid	 protein	 coding	 genes	 have	 1.3	 and	 3.8	 higher	 rates	 than	 the	









an	 acceleration	 in	 the	 papilionoid	 legumes	 (Figure	 4.9).	 	 Sloan	 et	 al.	 (2012)	
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compared	 rates	 in	 plastomes	 and	 mitogenomes	 of	 four	 Silene	 species	 and	 found	
mitogenome-wide	increases	in	dS	were	not	correlated	as	much	with	plastome	rates	
as	 they	 were	 with	 plastomic	 rearrangements,	 such	 as	 indels,	 intron	 losses	 and	
inversions.	 	 While	 another	 study	 comparing	 genome-wide	 rates	 and	 biological	




al.,	 2008;	Wu	 et	 al.,	 2009;	Wu	 and	 Chaw,	 2014),	 and	 legumes	 (Sabir	 et	 al.,	 2014;	
Schwarz	et	al.,	2015;	Chapter	3).	 	Correlations	between	plastomic	 rearrangements	
and	 substitution	 rates	 were	 shown	 in	 Chapter	 three.	 	 While	 caesalpinioids	 and	
mimosoids	have	ancestral	gene	content	and	order	(Dugas	et	al.,	2015;	Schwarz	et	al.	
2015),	 papilionoids	 exhibit	many	 rearrangements	 in	 the	 form	 of	 inversions,	 gene	
and	intron	losses,	indels	and	the	loss	of	one	copy	of	the	IR	in	one	clade	(Palmer	et	al.,	
1987;	Cai	et	al.,	2008;	Sabir	et	al.,	2014;	Sveinsson	and	Cronk,	2014;	Schwarz	et	al.,	
2015).	 	 The	 increased	 rates	 in	 both	 genomes	 in	 the	 papilionoid	 legumes	may	 be	
explained	by	a	common	mechanism	that	results	in	increased	substitution	rates	and	
genomic	 rearrangements.	 	MSH1,	RECA	 and	Whirly	 proteins	 have	 been	 shown	 to	








patterns	 of	 evolution	 in	 the	 mitogenome	 and	 plastome	 is	 still	 unclear.	 	 More	
comparative	 studies	 of	 all	 three	 plant	 genomes	 need	 to	 be	 completed	 to	 uncover	
evolutionary	mechanisms	driving	these	patterns.		
CONCLUSION	
This	 is	 the	 most	 comprehensive	 study	 of	 evolutionary	 rates	 of	 organellar	
genomes	 in	 legumes.	 	 Although	whole	mitogenomes	were	 not	 generated,	 the	 rate	
analyses	provide	insights	into	patterns	of	evolution	within	the	family.		We	identified	
four	mitochondrial	 genes	missing	 in	 one	 or	more	 species	 of	 legumes	 (cox2,	 rps1,	







replication,	 repair	and	recombination	or	a	combination	of	 these	 two	 forces.	 	More	
organellar	 genome	 comparisons	 are	 needed	 to	 expand	 the	 knowledge	 of	 the	












Populus	tremula	 Outgroup	 NC_028096	 NC_027425	
Caesalpinia	coriaria	 Caesalpinioideae	 XX-XX	 KJ468095	
Ceratonia	siliqua	 Caesalpinioideae	 XX-XX	 KJ468096	
Cercis	canadensis	 Caesalpinioideae	 XX-XX	 KF856619	
Haematoxylum	brasiletto	 Caesalpinioideae	 XX-XX	 KJ468097	
Tamarindus	indica	 Caesalpinioideae	 XX-XX	 KJ468103	
Prosopis	gladulosa	 Mimosoideae	 XX-XX	 KJ468101	
Apios	americana	 Papilionoideae	 XX-XX	 KF856618	
Arachis	hypogaea	 Papilionoideae	 XX-XX	 KJ468094	
Glycine	max	 Papilionoideae	 NC_020455.1	 NC_007942	
Indigofera	tinctoria	 Papilionoideae	 XX-XX	 KJ468098	
Lotus	japonicus	 Papilionoideae	 NC_016743.2	 NC_002694	
Lupinus	albus	 Papilionoideae	 XX-XX	 KJ468099	
Millettia	pinnata	 Papilionoideae	 NC_016742.1	 NC_016708	
Pachyrhizus	erosus	 Papilionoideae	 XX-XX	 KJ468100	
Robinia	pseudoacacia	 Papilionoideae	 XX-XX	 KJ468102	
Vigna	angularis	 Papilionoideae	 NC_021092.1	 NC_021091	
Vigna	radiata	var.	radiata	 Papilionoideae	 NC_015121.1	 NC_013843	
Vigna	unguiculata	 Papilionoideae	 XX-XX	 KJ468104	
Glycyrrhiza	glabra	 Papilionoideae_IRLC	 XX-XX	 KF201590	
Medicago	truncatula	 Papilionoideae_IRLC	 NC_029641.1	 NC_003119.6	
Trifolium	aureum	 Papilionoideae_IRLC	 XX-XX	 KC894708	
Trifolium	grandiflorum	 Papilionoideae_IRLC	 XX-XX	 KC894707	
Trifolium	meduseum	 Papilionoideae_IRLC	 XX-XX	 KJ476730	
Trifolium	pratense	 Papilionoideae_IRLC	 XX-XX	 XX-XX	
Trifolium	repens	 Papilionoideae_IRLC	 XX-XX	 KC894706	













































































































































































































































































atp1 X X X X X X X X X X X X X X X X X X X X X X X X X X X
atp4 X X X X X X X X X X X X X X X X X X X X X X X X X X X
atp6 X X X X X X X X X X X X X X X X X X X X X X X X X X X
atp8 X X X X X X X X X X X X X X X X X X X X X X X X X X X
atp9 X X X X X X X X X X X X X X X X X X X X X X X X X X X
ccmB X X X X X X X X X X X X X X X X X X X X X X X X X X X
ccmC X X X X X X X X X X X X X X X X X X X X X X X X X X X
ccmFC X X X X X X X X X X X X X X X X X X X X X X X X X X X
ccmFN X X X X X X X X X X X X X X X X X X X X X X X X X X X
cob X X X X X X X X X X X X X X X X X X X X X X X X X X X
cox1 X X X X X X X X X X X X X X X X X X X X X X X X X X X
cox2 X X X X X X X X X X X X X X X X X X X X X X X X
cox3 X X X X X X X X X X X X X X X X X X X X X X X X X X X
matR X X X X X X X X X X X X X X X X X X X X X X X X X X X
mttB X X X X X X X X X X X X X X X X X X X X X X X X X X X
nad1 X X X X X X X X X X X X X X X X X X X X X X X X X X X
nad2 X X X X X X X X X X X X X X X X X X X X X X X X X X X
nad3 X X X X X X X X X X X X X X X X X X X X X X X X X X X
nad4 X X X X X X X X X X X X X X X X X X X X X X X X X X X
nad4L X X X X X X X X X X X X X X X X X X X X X X X X X X X
nad5 X X X X X X X X X X X X X X X X X X X X X X X X X X X
nad6 X X X X X X X X X X X X X X X X X X X X X X X X X X X
nad7 X X X X X X X X X X X X X X X X X X X X X X X X X X X
nad9 X X X X X X X X X X X X X X X X X X X X X X X X X X X
rpl5 X X X X X X X X X X X X X X X X X X X X X X X X X X
rpl16 X X X X X X X X X X X X X X X X X X X X X X X X X X X
rps1 X X X X X X X X X X X X X X X X X X X X X X X
rps3 X X X X X X X X X X X X X X X X X X X X X X X X X X
rps4 X X X X X X X X X X X X X X X X X X X X X X X X X X X
rps10 X X X X X X X X X X X X X X X X X X X X X X X X X X
rps12 X X X X X X X X X X X X X X X X X X X X X X X X X X X






























































































































































































































atp1 2 1 6 5 5 1 1 6 2 1 1 1 2 1 6 1 5 1 1 1 0 0 1 1 1 1 2.077
atp4 12 12 12 12 12 12 12 12 11 12 12 12 12 12 12 12 12 12 12 12 2 5 12 12 12 12 11.308
atp6 17 15 15 15 15 17 15 15 17 18 0 3 15 17 15 17 18 7 7 7 7 0 8 16 16 16 12.615
atp8 3 2 5 3 2 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 0 3 3 3 3 2.885
atp9 2 2 5 5 5 2 2 5 2 1 2 2 2 2 5 2 4 2 2 2 2 2 2 2 2 2 2.615
ccmB 30 30 33 33 33 30 29 33 29 29 27 31 30 30 32 31 32 29 29 29 29 29 29 31 31 31 30.346
ccmC 28 27 30 30 29 28 27 30 27 27 28 28 26 28 30 28 30 28 26 28 28 1 28 29 29 29 27.192
ccmFC 19 19 19 20 19 19 19 19 19 19 19 19 19 19 20 19 20 19 19 19 9 9 19 19 19 19 18.346
ccmFN 33 33 32 32 34 33 33 32 32 33 33 33 33 33 34 33 33 32 32 32 6 32 33 33 33 33 31.731
cob 15 15 15 16 16 14 15 15 15 16 15 15 14 14 15 15 16 15 15 15 14 15 15 14 14 14 14.885
cox1 19 20 21 20 21 18 19 21 19 19 19 19 19 18 21 19 21 19 19 18 0 0 19 17 17 17 17.654
cox3 11 11 13 13 13 11 12 13 11 12 12 12 9 9 13 12 13 12 12 11 10 11 12 10 10 10 11.462
matR 13 14 13 13 12 13 12 13 13 13 11 12 13 13 13 13 12 12 12 12 12 12 12 15 15 15 12.808
mttB 25 25 26 25 26 25 25 26 23 24 24 25 25 24 25 25 26 25 25 25 25 0 25 26 26 26 24.115
nad1 20 20 21 20 19 20 20 19 21 21 20 19 20 20 20 20 20 19 19 19 19 8 19 20 20 20 19.346
nad2 28 30 31 32 32 28 28 31 28 29 29 27 28 28 29 28 32 28 28 28 28 16 28 27 27 27 28.269
nad3 13 13 13 13 13 12 13 11 12 13 13 12 13 12 13 13 12 12 12 12 12 12 12 12 12 12 12.385
nad4 41 41 41 42 40 41 41 40 40 42 41 42 41 40 41 41 43 41 41 42 41 2 40 41 41 41 39.538
nad4L 13 13 13 13 13 13 13 13 13 13 13 13 12 13 5 13 13 13 13 13 13 13 13 13 13 13 12.654
nad5 28 28 28 28 27 27 27 28 28 28 28 28 28 28 28 28 28 28 28 28 28 10 28 28 28 28 27.192
nad6 12 10 10 11 11 12 12 11 12 12 12 11 12 12 12 12 11 11 11 11 11 11 11 12 12 12 11.423
nad7 29 28 31 32 32 29 30 31 30 30 29 30 29 29 31 30 33 29 30 30 29 7 30 29 29 29 29.038
nad9 7 8 8 8 9 8 8 8 8 8 8 8 6 8 8 8 8 9 6 6 6 6 6 8 8 8 7.577
rpl16 4 5 6 7 6 4 4 6 4 4 4 4 4 4 7 4 7 4 4 4 4 1 4 5 5 5 4.615
rps4 16 17 16 16 16 17 16 15 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 17 17 17 16.154
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Figure	4.8.		Box	plots	of	overall	dN	and	dS	values	of	the	mitochondrial	and	plastid	
genes.		
	Values	of	dN	(top	diagram)	and	dS	(bottom	diagram)	for	mitochondrial	(red	boxes)	
and	plastid	(green	boxes)	genes	are	shown.		In	each	plot	the	top	and	bottom	lines	of	
the	box	represent	the	75th	and	25th	percentiles,	respectively	and	the	middle	line	in	
each	box	represents	the	50th	percentile.		The	whisker	lines	represent	the	minimum	
to	the	maximum	points	and	the	points	outside	of	the	whisker	lines	are	outliers.		
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Figure	4.9.		Pairwise	comparison	of	dN	and	dS	values	of	the	mitochondria	and	
plastid	genes	across	Fabaceae.			
Line	plots	represent	average	dN	(top	diagram)	and	dS	(bottom	diagram)	values	for	
each	species.		Mitochondrial	rate	values	are	indicated	by	the	green	and	plastid	rate	
values	are	indicated	by	the	red	line.		Species	labels	are	colored	to	indicate	Fabaceae	
subfamilies:	Caesalpinioideae	(red),	Mimosoideae	(green),	Papilionoideae	(blue).		
Species	are	in	the	order	shown	in	the	phylogeny	in	Figure	4.1.		
	 134	 	
	 135	
	
Figure	4.10.		Correlation	scatterplots	between	dN	and	dS	values	of	the	plastid	
versus	mitochondrial	genes.			
Scatterplots	with	regression	lines	(blue)	of	dN	(top	diagram)	and	dS	(bottom	
diagram)	values	from	the	genes	of	the	mitochondria	versus	the	plastid.		The	grey	
region	surrounding	the	regression	line	represents	the	standard	error.		Correlation	
values	=	0.683	(dN)	and	0.783	(dS),	p-values	=	1.12E-04	(dN)	and	2.24E-06	(dS).	
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